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ABSTRACT 


\ 

\ 


In  this  new  method  (DFDL)  of  remote  wind  sensing,  two  optical 
beams  of  unlike  frequency  are  superimposed  In  the  sensed  volume. 
The  velocity  information  is  obtained  from  the  difference  in  the 
Doppler  shifts  of  light  scattered  from  the  two  beams  by  aerosols 
moving  with  the  air.  The  DFDL  signal  spectrum  and  expressions 
for  stgna I -to-no i se  ratio  are  derived.  Attractive  characteristics 
of  OFDl  include  resilience  to  optical  Imperfections  of  the  turbu¬ 
lent  atmosphere  and  a  potential  for  simultaneous  measurement  of 
the  three  components  of  wind  velocity. 
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I.  Introduction 

Several  techniques  for  laser  remote  sensing  of  wind  velocity  have  been 
exper Imenta 1 1 y  demonstrated. 1-7  Unlike  in  situ  devices,  remote  wind  sensors 
avoid  the  necessity  for  providing  an  instrument-mounting  platform  that  can  reach 
the  sampled  points,  and  they  do  not  perturb  the  air  flow.  Each  laser  technique 
possesses  Its  own  set  of  attributes  that  determine  its  usefulness  for  various 
applications.  For  instance,  the  heterodyne  laser  Doppler  ve locimeter, 1 * * 
commonly  using  a  C02  laser  operating  at  10.6  pm,  determines  the  component 
of  velocity  parallel  to  the  beam.  The  same  component  is  found  by  the  optical 
Doppler  radar,*  which  uses  a  scanning  Fabry-Perot  interferometer.  The  dual¬ 
beam  Doppler  anemometer1'  and  t  ime-of-f  I  ight  laser  anemometer5  measure  the 
component  of  wind  along  a  direction  transverse  to  the  probing  beams  and  perform 
best  with  lasers  operating  In  the  visible.  These  four  techniques  depend  on 
aerosols  as  tracer  targets  of  air  motion.  Two  other  techniques5*7  sense  the 
motion  of  spatial  Inhomogeneities  of  the  aerosol  distribution  in  the  atmo¬ 
sphere  as  they  are  transported  by  the  wind.  The  full  list  of  important 
characteristics  for  each  technique,  such  as  range  capability  and  spatial 
resolution,  is  too  lengthy  to  give  here.  Although  the  several  techniques 
possess  some  similarities,  their  performance  capabilities,  which  determine 
their  utility' in  a  particular  application,  are  substantially  different. 

Dua I -frequency  Ooppler-I idar  (DFDL)  is  a  new  technique  with  a  unique 
set  of  attributes  that  could  make  it  the  preferred  sensor  in  some  applications. 
In  DFDL,  two  laser  beams  of  unlike  frequencies,  v,  and  v,,  where  the 
frequency  difference 

a  =  v(  -  v.  (I) 


Is  In  the  microwave  region,  are  transmitted  to  the  probed  volume.  light 
scattered  to  a  photodetector  by  aerosols  moving  with  the  air  Is  CVpplor- 
shlfted  In  frequency.  Since  the  magnitude  of  t  tw>  frequency  shift  depends 
not  only  on  the  aerosol’s  velocity,  but  also  on  both  the  frequency  of  the 
Incident  radiation  and  the  scattering  angle,  there  ovists  a  difference, 

Act,  between  the  Doppler  shifts,  AVj  and  Av,.  Flectronlc  prwessing  of  the 
output  of  the  square-law  photodetector  yields  the  differential  Doppler 
shift,  Art,  and  hence  a  component  of  wind  velocity  In  the  probed  volume. 

The  direction  of  this  measured  component  depends  on  whether  the  two  beams 
are  exactly  superimposed  and  parallel  ipure  DIDO  or  Intersect  with  small 
angular  separation  in  the  probed  volume  ihybrld  DfDl. In  this  report, 
we  derive  the  PFPl  signal  and  describe  how  to  extract  the  appropriate 
velocity  component  from  the  signal.  An  experimental  PFPl.  system  was  con- 
structed  for  the  purpose  of  verifying  the  PfPl  principle  and  evaluating 
the  practical  potential  of  this  method  for  remote  wind  sensing  using 
naturally  existing  aerosols  as  tracers.  This  dey Ice  Is  briefly  described 
and  Its  successful  performance  reported. 

II.  Theory 

A.  Signal  Derivation  U'ure  I'l I'L ) 

The  signal  for  the  pure  Pf  PI.  case  will  be  derived  with  roteierve  tv' 
fig.  I.  Two  optical  beams  of  frequencies  v'  and  v,.  plane  polari;ed  in 
the  same  direction,  are  super  Imposed .  with  both  travel  5 nq  in  the 
a-JIrecfion  to  Illuminate  a  vol..~'o  oontaininq  air  •x'Uvules  .ry1  aerosols. 
The  amplitude  of  the  radiation  transmitted  to  the  t  h  rat  tide,  located 


where  the  wave  vectors  H:  and  ki  are  parallel.  The  arbitrarv  phases  of  both 
frequencies  in  Eq.  (2)  have  been  taken  as  sere,  a  simpl I t leaf ion  which  dees 
not  alter  the  final  results.  The  amplitudes  .4 1  and  4{  are  normalised,  so 
that  the  irradiance  is  given  by 

.V'  •  2s  (S'* )  *>v  ,  v" 

where  <  >v  denotes  a  time  average  over  optical  frequencies  but  not  over 

frequencies  in  the  microwave  region  near  a  and  below.  [\»finlng 

•*  •*  ■* 

X  «  Xt  -  ks  ,  vJ' 

where  .V  *  a/o ,  and  o  is  the  speed  of  light,  the  irradiance  at  a  particle  is 

V  ■  4  *  .4  *  ♦  24,.' 4. cosuit  -  .V*.V . '  .  v1"' 

The  transmitted  irradiance  Is  modulated  at  frequenev  oi  because  the  two  beams 
interfere  temporal Iv  to  form  a  pattern  of  sinusoidal  fringes  whi ch  travel  at 
the  speed  of  light  in  the  a-dlrection  with  an  orientation  normal  to  the 
a-axis.  The  fringe  spacing  is  V,.  «  2tt.V,  and  X  can  be  considered  an  effective 
wave  vector  for  the  traveling  fringe  pattern. 

* 

The  meleoules  and  aerosols  scatter  light  from  both  beams  to  a  point  v  . 

v« 

on  a  distant  detector  aperture.  Assuming  a  particle's  angular  scatter  cross 

section,  o.  "  to  be  ecua  I  for  v,  .and  V.,  and  defininc 

15  1  • 


«  x. -  x.  , 

e  *  * 

«  (<  « 


the  received  radiation  field  at  Jf.  is 


f  -  J  F. 


I  |VVS‘V  ■  V\'  ' 


.  a 


h'W'V.I  -  V.*V  -  V.,*.; 


*  J 
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where  the  summation  Is  over  all  particles  scattering  energy  to  Rj.  For  non- 
relatlvlstlc  particle  speeds,  the  wave  vector  of  radiation  scattered  from 
beam  jM  Is  closely  approximated  by 


it 


(3) 


with  a  similar  expression  existing  for 

The  output  current,  I,  of  the  photodetector  Is  proportional  to  the 
received  irradlance  Integrated  over  the  aperture  area,  A namely 


I  =  2r 


<£,2>v  * 


i9> 


where  detector  responsivity  Is  assumed  constant  over  the  aperture.  The 
detector  will  respond  to  modulation  of  the  received  Irradlance  within  the 
limits  of  its  electronic  bandwidth.  Equivalently,  since  a  photodetector 
is  a  square-law  device  and  If  the  received  optical  radiation  contains  two 
frequencies,  a  beat  signal  oscillating  at  the  optical  frequency  difference 
is  present  in  the  output.  We  have 


<r>  =  <  V  7  E.S.> 

V  -  l  J  V 


2  cos  Ik  *(R.  -  R.)  +  X 
it  J  i 


+  A  2  cos [*  •  0?  . 

2  2  t 


-*• 

R  . ) 
J 


(10) 


+  2/1  d  cosCett 
1  2 


Defining  the  effective  wave  vector  for  the  scattered  fringes  as 


(II) 


i 
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and  separating  the  terms  in  the  summation  tor  which  *  *  J  from  the  remainder 


<s\  «  V  [  (s.Vl.’XV  ♦ 


♦  l  (S.Vi.SX  A  cosCat  -  K-F.  -  X.-i/} 

,  V  *•  l  •  ►  v  »• 


.D  -0 .  r  ^  -*■  -*■  .* 

♦  V  y  y  M  *cosO  •IR.  -  R.)  *  k  .• I . 

'  L  L  „.L.  I  1  t  J  It  t 

t  .•  *  «’  L 


-  % 

V 


(ID 


+  A  *cos[ k  '(F.  -  F.)  +  k  -  k 

*  <%  •  «  «  •  ^  «  • 

•  •  *■  (  *  “  t 

•+  -*■  -*  -*  -*•-*  — 1 

+  24  ^  cosCat  -  k  -F.  +  *<  .  -  c  ^  .]  . 

12  it  2  ,*  »t  :  D  J 

Let  us  first  consider  a  single  particle  within  the  dua I -f requeues  Peon 
and  later  return  to  the  nu I t l -part ic I e  case.  For  one  particle  traveling 
with  constant  velocity  i';,  so  that  5  *  F  .  +  F,.t,  Eg.  (ID  reduces  to 


<S/>  -  V  7-V  \a *  +  A/  +  2A  A  cosCcit  -  (X  -  X.M'.f  -  I.*S.  t  . 

I  Li  **  [  *  •  *  *  •  *  «  ] 


(IV 


where  <!>.•  *  (A'  -  Kj)*F  •  Is  the  phase  determined  P\  particle  position  at  r 


The  DC  terms  A  ^ '  and  contain  no  Doppler  information.  The  d  i  ’  t  ere  i  t  ia  I 
Doppler  shift  is 


do  *  -  (a  -  A-.H’  *  -  :.V  slnie’DlV  , 


i :  d 


where  6  is  the  scattering  ingle  and  F.  is  the  component  of  F  parallel  fo  ♦*•«• 
bisector  of  the  transmitted  and  scattered  directions.  rrom  *"o  triage  \ie*>- 
point,  the  rate  of  arrival  of  the  scattered  fringes  Is  altered  P\  ,V»  peoa,.--e 
the  optical  rath  length  changes  according  to  the  particle's  motion.  *  or 
bachscatter  (t?  *  1^0°),  5’.  is  the  longitudinal  velociU  component  (parallel 

4. 

to  the  direction  of  beam  propagation'.  Through  the  differential  Doppler 


shift,  da,  DFOL  allows  a  measure  of  V^.  da  depends  on  the  optical  frequency 
difference,  a,  but  is  independent  of  the  laser  optical  frequency  itself.  The 
time-dependent  portion  of  the  signal  In  Eq.  (13)  i s  mathematical  I y  the  same 
as  If  microwave  energy  of  frequency  a  were  being  transmitted  and  Doppler- 
shifted  to  frequency  a  +  da  before  reception.  The  procedures  for  DFDL  signal 
processing  are,  therefore,  similar  to  those  used  in  microwave  Doppler  radar. 

The  volume  probed  by  a  DFDL  is  defined  by  the  optical  layout.  The 
trangnitted  beam,  at  most  a  few  centimeters  in  diameter  for  adequate  signal  - 
fo-noise  ratio  (J^R),  specifies  the  transverse  extent  of  the  volume.  The 
field  of  view  of  a  bistatic  receiver  with  optic  axis  intersecting  the  trans¬ 
mitted  beam  determines  the  range  R  and  the  volume  length  dsR,  with  R  »  &R. 

The  scattering  angle  9  is  within  a  few  degrees  of  ISO®,  allowing  the  approxi¬ 
mation  9  =  180°  in  Eq.  (14)  with  little  error. 

The  Doppler  spectrum  is  broadened  by  the  finite  transit  time  of  each 
particle  through  the  volume.  Let  us  adapt  Eq.  (13)  to  the  geometry  of  the 
probed  volume  to  obtain  the  detector  output  spectrum  for  one  particle. 
Approximate  9  as  130°  and  t3ke  L.  -  R  in  the  denominator  with  little  error, 
since  R  s  L ^  »  AR,  For  a  Gau  ssian  prof i I e  of  eac  h  beam,  the  amp  I i tude  of 
beam  0 1  i s  g i ven  by 

dj2  =  (2^fli2/7Ta2)  expC-2(x2  +  :/2  )/a2D  ,  (15) 

where  the  power  in  the  beam  is 


and  a  is  the  e  2  radius.  A  similar  expression  holds  for  beam  02.  If  the 
intersecting  angle  between  the  beam  and  receiver  axis  is  only  a  few  degrees, 
dsR  cz,  in  whichcasethe  transit  time  depends  mainly  on  beam  radius  unless 
”  is  nearly  parallel  to  the  beam.  AS's  effect  on  transit  time  will  be  dis¬ 
regarded  here,  but  can  be  included  in  a  straightforward  manner.  The  energy 


spectrum,  W.(u),  for  the  Doppler  signal  portion  of  the  detector  current  can 

If 

be  found  by  calculating  the  time-dependent  current  and  using  Fourier  analysis 
It  has  been  demonstrated  that  the  phase  factor  in  Eq.  (13)  is  very 

nearly  constant  over  an  aperture  area  A ^  of  practical  size.  The  time-varying 
signal  current,  therefore,  has  amplitude  proportional  to  A The  spectrum  Is 


W.(u) 

i 


,2  2 

4  4 ,  a. 

1 

1 _ 

-2  r>  p  ^  ...  ■*-  cx_ 

exp 

it  r  1P2  ( aVT )2  P 

a2 

_  _ 

(u)  -  a  +  2KVl) 


WT*/az 


(17) 


where  is  the  component  of  parricle  velocity  transverse  to  the  beam,  and  b . 

is  the  distance  of  closest  approach  to  the  beam  axis.  The  detector's  output 

2  2 

also  includes  a  low-frequency  pulse  arising  out  of  the  4j  and  A z  terms  of 
Eq.  (13),  but  this  part  of  the  spectrum  is  neglected  in  Eq.  (17)  because  it 
contains  no  Doppler  information. 

For  atmospheric  measurements,  there  will  be,  at  any  instant,  a  large 
number  of  scattering  particles  positioned  throughout  the  probed  volume. 

From  Eq.  (12),  it  can  be  seen  that  three  types  of  signals  will  be  included 
in  the  detector  output.  The  terms  of  the  first  summation  express  the 
average  irradiance  at  the  detector  of  the  light  scattered  from  both  beams  by 
all  the  particles.  These  terms  lead  to  DC  output.  The  second  summation  is 
the  information-bearing  Doppler  signal  of  DFDL,  which  is,  for  each  particle, 
the  beat  frequency  between  the  radiation  scattered  from  the  two  beams.  This 
yields  a  time-varying  detector  current,  J  .  The  terms  in  the  double  summa- 

3 

tion  with  i  t  j  arise  from  the  mixing  of  radiation  scattered  from  separate 
particles.  This  will  be  called  the  double-target  signal,  which  produces  a 

9 

current  I It  can  be  shown  that  1^  possesses  negligible  spectral  energy 
within  the  final  data-process ing  bandwidth,  B,  as  a  result  of  two  factors. 

The  double-target  signal  is  reduced  by  the  incoherent  nature  of  its  detection 


10 


11 


For  the  Gaussian  beam  profile: 


2  ,  A.  R  —  I 

Pi u)  =  -7 =  r  P.P,  ~~na  — 
ft  1  2  Rk  aV, 


exp  - 


(w  -  a  +  2JCP£ ) 


4  7yVaJ 


The  factor  no  is  defined  by 


„2  dnia)  j _  f  _2  dnip)  j. 

0  ~^-io  =  j  0  (p)  ' 


where  dn(p)/<2p  is  the  particle  size  distribution  over  radius  p,  and  n  is  the 

number  density.  The  total  signal  power,  P  ,  is 

s 


,  p  p 
,2  _ 12 


P  =  2r  -  Va 
s  OtroT 


2  2 
ira  Afi  no  . 


In  the  atmosphere,  aerosols  dominate  the  factor  no  ,  and  the  molecular 
contribution  is  negligible.  For  example,  at  optical  wavelength  X  =  514.5  nm, 
we  have  n  a  *  =  1 . 3X I 0— 3 5  cm  for  a  molecular  density  of  n  =  2.6x|019  cm-3 
and  molecular  backscatter  cross  section  of  a  =  7x|Q-28  cm2.  For  even  a 

177 

sparse  distribution  (n^  =  I CTS  crrT3)  of  small  aeroscls  of  radius  0.1  ym  with 

a  =  7x|0”lzcm2,  the  much  larger  value  n  o  2=  5xl0“2,cm  results.  DFDL  is 
cl  cl  a. 

unable  to  measure  the  distribution  of  molecular  velocities  and  cannot  succeed 
as  a  remote  temperature  sensor. 

B.  Signal -to-Nolse  Ratios 

The  wind  component  must  be  acquired  from  the  Doppler  spectrum  in  the 
presence  of  noise  originating  during  the  photo-detection  process.  Of  the 
principal  noise  sources  for  a  photoeml ss ive  detector  such  as  a  PMT,  the  most 
significant  for  OFDL  is  shot  noise  from  the  scattered  laser  radiation  and 


background  light.  In  comparison,  shot  noise  from  dark  current  is  negligible, 
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I  f  77  »  I  ,  SNR  becomes 

D  $ 


smb 


JLhX.iL 

fjvs  (TtaJ  )‘  ir 


i 

ffd 


Ln^\ 


(3 :) 


The  functional  dependence  of  P  on  various  parameters  appearing  In 

s 

Eq.  (25)  and  In  these  SNR  expressions  was  verified  experimentally.*  The 

prototype  OEOL  described  below  was  operated  In  a  wind  tunnel  with  flow 

seeded  by  a  sparse  mist  of  water  droplets  generated  artificially,  rot- 

each  test,  all  experimental  parameters  were  held  constant  except  the 

variable  under  examination.  The  predicted  behavior  of  F  with  chances 

a 

%  e 

in  receiver  collection  solid  angle  >  beam  area  A  ^  ~  -n.i  ‘ ,  and 

scattering  volume  length  A/7  was  confirmed.  The  dependence  of  P#  on 
changes  In  laser  power  P^,  where  P^  <*  ^Pj  =  also  agreed  with  tg.  . 


C.  Extraction  of  Velocity  Information 

P(u>)  for  the  narrow  Gaussian  beam  profile  has  a  Gaussian  shape  with 
mean  frequency  a  -  2AVr  and  l/e  ha  If  -width  2r„Ai.  In  practice,  this 

if  J 

half-width  can,  at  times,  be  comparable  to,  or  e.rn  exceed,  ,Y».  In  such 
a  case,  Vr  Is  obtainable  from  the  power -weighted  mean  Peppier  frequency  «», 

U 

according  to 

Vf  »  <5/2 K  (33 ) 


PUi)  +  rt  \!u'  .  (3*1) 

1  ? 

Several  data -process  Ing  techniques  for  estimating  JJ  Ivnve  been  devised. 

Since  the  Dorpler  signal  Is  generated  b\  a  random  process,  fix’  IVpnler 
spectrum  undergoes  random  fluctuations  ab'ut  /'no',  Gonseguentl  v.  fix’  mean 
Doppler  freguency.  u),  is  a  random  variable  with  statistical  perturlvit  ion* 
about  Its  expected  value.  The  shot-noise  spectrum  Is  also  random  and 


u> 


ojP(oj  +  a 'Id 


/! 
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contributes  to  the  fluctuations  In  even  when  the  average  noise  leyel  Is 
known.  Since  the  PFPL  Peppier  signal  Is  mat  hemat  lea  I  I  v  I  I  he  tivit  of  <  i'e 
scattering  of  microwaves  of  freguenev  a  from  t  lie  particles,  the  PI  PL 
statistics  are  the  same  as  for  Peppier  radar  returns  frv'm  raihlnmlv  po«l- 
t  toned  hydrometeors.  A  detailed  conslderat Ion* • *  *  of  the  statistical 
variations  In  u>  shows  that  they  figure  prominently  In  limit (no  the 
accuracy  to  which  l',  can  he  determined. 


D.  Hvbrld  PFPL 

A  hybrid  PFDL  is  created  if  the  1  transmitted  beams  are  not  exact  I  \ 

-A  -A 

superimposed  but  Intersect  wl  th  \(  and  V.  separated  in  direction  by  a  small 
angle.  The  descriptor  "hybrid"  Is  applied  because  this  cent  igurat  ion 
combines  features  of  PFPI  with  the  dvial-heam  vet  cressed-beam'  Peppier 
anemometer .* 

A  A 

In  Flo.  P,  the  wave  vectors  \  and  of  t  wo  transmitted  beams  tvt  h 
lie  In  the  x  -  a  plane  at  equal  angles  from  the  a -axis.  Scattered 


radiation  Is  detected  at  K.  a  laroe  distance  awnv  v.V.  "  ,V  . ' . 

it  »«  \ 

tion  Incident  on  a  particle  Is 


'he  raJ  I  a - 


VOMV 


-  V(  'S\. '  *  .4.co' 


The  beams  Interfere  spatially,  as  well  as  temporally,  tv'  tv'rm  fringes  which 
travel  at  speed  p  in  the  s-direction,  but  which  are  oriented  at  an  obligee 
angle. 

•A  -A  A  A  A  A 

Assuming,  as  before,  that  .V .  -  ,s*  .  -  .V.  -  ,y\ ,  and  that  pa-  1  K  le 

A 

speeds  are  nonrelat  ivl  st  Ic ,  the  scat  feted  iadi.il  inn  at  a.  'tom  one  nai  l  i.  le  i  >. 


AAA 

*  V''*'  v»f  "  vV*  “  MV  *  ' ] 


v  'O' 
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where  A.  and  $  .  are  phases  determined  by  particle  position  at  f  =  0. 

As  discussed  earlier,  the  spectrum  of  the  Information-bearing  portion  of 
the  signal  for  multiple  particles  at  random  positions  Is  the  sum  of  the 
spectra  of  the  Individual  particles.  The  double-target  signal  also  exists 
but  again  Is  negligible.  The  signal  from  one  particle  Is  therefore  suffi¬ 
cient  to  describe  the  behavior  of  a  hybrid  PFOl.  For  one  particle,  the 
detector  current  Is 


rA.o . 

H  a  TT  +  42  5 

t 


A  A  cosCat  -  (a<  -  k  -  k  .  +  k  . )  •  F  .t  -  A  .  +  .]  .  07) 

12  1  2  It  21  1  122J 


The  differential  Doppler  sh  I  f  t,  .Na,  1  nvo  I  v  I  ng  the  dof  product  of  F .  with  fhe 

* 

wave  vectors  Is 

4-  4 

Aa  =  (a/<J  )F*  (L/L )  -  li\>  +  v  )/o]  sln<4>/2)F  -  (a/o )  cos(*/2)F  ,  03) 

where  the  t  subscripts  have  been  dropped  and  V’  (F  )  Is  the  jt-ccmponent 

X  3 

(a-component )  of  F.  Taking  $  <<  it/2  and  +  v  -  2\'0,  the  Doppler  shift  Is 

Aa  =  -2(v  Jc)  s  I  n  ($/2)F  -  2(o/<?)  sln(0.  Y)F,  ,  (™  > 

o  x  r 

*4 

where  F^  Is  the  velocity  component  along  the  bisector  of  L  and  the  neoatlve 

a -ax  I  s. 

Two  limiting  cases  are  Immediately  Identifiable.  I  f  -  0  but  a  *  0,  we 


have  the  pure  DFDL  arrangement 


■2<ci/o  )  sin <3/2)1%,  . 


The  dual-beam  anemometer  (DBA)  occurs  in  the  opposite  vase  when  f  <f  0  and 
a  *  0,  giving 


16 


where  V-^  Is  the  component  of  V  parallel  to  K The  hybrid  DFDl  can  measure 
an  arbitrary  component  of  velocity  selected  by  the  choice  of  optical  fre¬ 
quencies  Vj  and  v2  and  the  Intersection  angle  $>. 

Usually  in  dual -beam  anemometers,  the  beams  are  spatially  distinct  at 
the  transmitter  and  converge  to  a  common  volume.  This  may  not  be  true  for  the 
hybrid  DFDL,  whose  intersection  angle  might  be  less  than  a  laser  beam’s  diver- 

9  —  1 

gence  angle.  For  instance,  if  \g  =  514,5  nm,  a/Z7r  =10  s  ,  and  6  =  45°,  the 
required  value  of  <P  from  Eq.  (45)  is  only  3.4x10  6  rad. 

SNR  expressions  for  hybrid  OFDL  are  similar  to  those  for  pure  DFDL.  The 

effect  of  partially  overlapping  beams  in  the  probed  volume  is  accounted  for 

-►  ■+ 

through  the  amp  I  ttude  factors  A^iF)  and  U? ) .  In  the  vicinity  of  the 
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Intersection  of  the  beam  axes,  the  hybrid  SNR  Is  the  same  as  for  pure  DfDL 
with  proper  allowance  In  bandwidth  S  for  the  Increased  Doppler  sensitivity. 

III.  Prototype  OFDL 

A  OFDL  system  was  assembled  to  experimentally  evaluate  this  technique 
of  wind  sensing.  It  is  capable  of  real-time  measurement  and  recording  of 
wind  and  can  operate  In  pure  or  hybrid  DFDL  modes.  In  accordance  with  the 
research  nature  of  this  study,  the  range  capability  of  the  prototype  is 
modest,  but  It  can  be  markedly  Increased  within  the  1 imlts  of  existing 
technology. 

A  brief  description  of  the  system,  shown  schemat ica 1  I v  In  Fig.  3,  Is 

presented  here,  with  a  comprehensl ve  treatment  available  elsewhere.’  The  Spectra 

Fhyslcs  Model  160-03  argon  laser  operates  at  frequency  vfl  (X  =  ?I4.T'  nm), 

with  a  cavity  dumper  ,  AL'del  36?  Acousto-Opt Ic  Output  Coupler,  producing  the 

exiting  beam.  This  coupler  acts  as  a  modulator,  creating  two  overlapping 

beams  of  respective  frequencies  v  *  v  t  o»'0  and  v  -  v  -  ol/C.  The  desired 

i«  :  o 

pure  or  hybrid  DfDL  configuration  is  selected  bv  adjustment  of  the  acousto- 
optic  rvdulator ’ s  position  within  the  laser  cavitv.  the  RF  oscillator  gen¬ 
erates  the  system  reference  frequency,  which  is  amplified  to  drive  the  modu¬ 
lator.  The  transmitting  optics  consist  of  an  appropriate  beam  expander  and 
steering  mirrors.  Light  scattered  and  Doppler-shifted  by  aerosols  moving 

O 

with  the  air  Is  collected  bv  a  telescope  and  passed  through  a  30  A  pass band 
Interference  filter  for  reduction  of  background  light.  The  high-speed  PMT, 
which  must  be  capable  of  electronic  res|X'nse  at  the  modulation  freguenc\  a, 
was  manufactured  bv  Vartan  LbC  and  is  specified  to  have  a  0  —  3  db  bandwidth 
of  approximately  lY  to  10  H.-,  The  output  of  the  FMT  Is  separated  from  the 

high-frequency  signal  and  monitored.  The  hiqh-f reguencv  port  ion  proceeds  to 
the  microwave  Doepler  twelver,  which  performs  siqnal  amp  I  I  f  Icat  ion  and 
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heterodyne  mi \ ! ng  with  an  offset  local  oscillator-  ot  frequence  a  ♦  this 
trcquenc y  Is  developed  from  the  output  frequencies  ot  the  RF  oscillator  and 
an  audio-frequency  oscillator.  For  1*  *  0,  the  Ooppler  spectrum  is  thus 

displaced  from  Aa  ■  0  to  Ao  *  £,  which  removes  the  directional  ambiguity  In 
the  velocity  measurement.  A  real-time  spectrum  analvrer,  Princeton  Applied 
Research  Model  4*1^',  diglti;es  the  signal  and  computes  the  Fourier  amplitude 
spectrum,  A  PPPlIVv.''  minicomputer  computes  I’,  and  other  information  ot 

ft. 

Interest  from  the  spectrum,  stores  this  data  on  floppy  disk,  ana  displays 
if  on  the  computer  console. 

the  optical  ‘requencv  difference  Is  oi.„'n  -  °  *0  MM;,  which  gives  a 
frequency  sensitivity  for  a  pure  0F0L  operating  in  backseat  ter  ot  .No  .'n  * 

P.4*  H;  for  V,  ■  I  ms-1.  The  mean  iVppler  freguenev  is  obtained  with  the 

ft- 

fast  Fourier  transform  technique  with  noise  suppression  rFfT.NSF.1'  Since 
the  shot-noise  level  can  \ary  in  time,  the  average  noise  level  to;  each 
velocity  sample  is  determined  over  a  frequency  bang  separated  from  the 
Ooppler  spectrum,  this  yalue  is  then  subtracted  t  r\'m  the  combined  spectrum 
of  Ooppler  signal  plus  shot  noise,  to  remove  4 he  biasirvj  effects  of  the 
average  noise  level.  From  th«  resulting  Ooppler  speo*rum,  and  with  proper 
allowance  tor  the  ottset  £,  the  mean  Ooppler  troguencs  Is  ca'culated 
according  to  io,.  vA4'.  V,  or  are  found  usina  Fg.  v'V  O"  v4p',  as  the 
case  -vav  be. 

The  prototype  OF  01  can  also  be  operated  as  a  pulsed  sv stem  when  the  cayify 
dumper  vt.e.  ,  modulator'  is  driven  by  a  pulsed  amplifier,  The  receiver  can  be 
range  gated,  which  i  tor  ooavial  f  r  an-.m  i 4  ter  a-'d  receiver  o.'tlcs'  defines  the 
range  a  and  probed  volume  length  ,V\'.  0v  conveifing  to  such  a  pulsed  svs'om, 
the  SNK  can  be  improved  »’'««  shot  noise  from  background  light  is  ■•ubsta't  ia  I  , 
on  condition  that  the  average  transmit'ed  laser  power  is  maintained. 
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In  order  to  accomplish  this  with  the  present  equipment,  a  high  pulse  rate 
(2  I  MHz)  is  necessary.  The  low-pass  filter  characteristics  of  the  Doppler 
receiver  transform  the  signal  from  a  pulsed  to  a  continuous  form,  and  no 
other  changes  in  the  data -processing  procedures  are  needed. 

The  prototype  DFDL  was  operated  CW  in  a  laboratory  setting,  using 
targets  undergoing  controlled  motion.  These  exper  iments,*  together  with 
the  wind  measurements  reported  here,  have  verified  the  differential 
Doppler  shift,  which  Is  the  fundamental  principle  of  DFDL. 

IV.  Wind  Measurements 

A  component  of  wind  velocity  was  successfully  measured  with  the  DFDL 
in  various  configurations:  pure  and  hybrid,  pulsed  and  CW.  The  DFDL 
equipment  (see  Fig.  3)  was  located  in  a  penthouse  atop  the  five-story 
Physic s-Atmospher ic  Sciences  Building  on  the  University  of  Arizona  campus. 
The  dua I -frequency  beam  from  the  laser  was  expanded  and  collimated  to  an 
e-2  diameter  of  approximately  2.5  cm  and  then  projected  through  an  open 
window.  For  the  measurements  described  in  detail  here,  the  beam  was 
horizontal  at  a  height  of  4.3  m  above  the  main  roof.  The  range  R  =  20  m 
and  length  Aff  =  2.2  m  of  the  probed  volume  were  defined  by  the  intersection 
of  the  beam  with  the  field  of  view  of  the  Newtonian  receiving  telescope, 
which  has  a  41 -cm  diameter  primary.  Since  the  tops  of  the  surrounding 
buildings  and  trees  were  at  the  same  general  level  as  the  probed  volume, 
the  air  flow  was  usually  quite  turbulent,  A  propel  lor  anemometer,  Weather- 
Measure  Model  WI738,  was  positioned  with  the  hub  about  20  cm  from  the  center 
of  the  probed  volume.  It  was  aligned  to  measure  the  same  component  of  wind 
for  which  the  I  idar  was  set.  For  example,  for  alignment  angle  $  *  0,  the 
westerly  component  parallel  to  the  beam  was  obtained.  A  wall  (not  shown) 
at  a  distance  of  41  m  acted  as  a  beam  stop.  A  light  trap,  consisting  of  a 
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box  with  a  black  interior  with  an  open  side  facing  the  telescope,  was  mounted 
on  the  wall  to  encompass  the  receiver's  field  of  view.  The  trap  was  required 
to  prevent  background  light  from  the  sunlit  wall  from  saturating  the  PMT, 
which  had  considerably  higher  gain  than  anticipated  when  purchased.  The 
trap  also  diminished  the  shot  noise  caused  by  background  light.  In  order  to 
further  reduce  this  shot  noise,  the  laser  output  was  pulsed  and  the  Doppler 
receiver  range  gated.  Since  the  pulse  length  was  15  ns  and  the  receiver 
gate  time  was  30  —  40  ns,  the  probed  volume  was  st  1 1  I  def  i  ned  mainly  by  the 
Intersection  of  the  beam  with  the  field  of  view.  Pulse  repetition  rates  were 
topically  3.5  MHz,  which  gave  a  receiver  duty  factor  of  roughly  I2t. 

Figure  5  shows  the  time  series  of  wind  velocity  from  the  I idar  and 
anemometer  plotted  side  by  side  for  an  example  data  run.  The  similar 
response  of  the  two  methods  to  velocity  fluctuations  Is  apparent.  The 
anemometer's  trace  is  smoother  than  the  Ildar's  because  the  statistical 
nature  of  the  Doppler  and  shot -noise  spectra  inject  random  fluctuations 
into  the  Doppler  velocity.  The  experimental  particulars  for  this  data  run 
and  three  others  are  given  in  Table  I.  Wind  measurements  at  several  values 
of  the  alignment  angle  6  (=  0°  for  pure  DFDL,  /  0°  for  hybrid)  were  made. 
Average  transmitted  laser  power  was  1/3  W.  The  sampling  rate  was  slightly 
slower  than  I  IT,  where  T  Is  the  signal -averaging  time  for  each  velocity 
samp  I e . 

Table  I  also  shows,  for  each  of  these  data  runs,  the  individual  and 
comparative  statistics  of  the  anemometer  velocity  and  the  Doppler 
velocity  Vg.  The  agreement  between  the  two  methods  is  sat ! sfactory, 
although  differences  do  exist.  A  small  bias  is  revealed  bv  <  I. 

A  linear  regression  slope  of  less  than  unity,  combined  with  the  intercept 
displaced  slightly  toward  FJ",  also  points  out  the  bias.  The  rms  difference 
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Table  I.  Summary  of  Selected  Wind  Data  Runs 


Date 

Starting  time 

Equipment  Parameters 
A I Ignment  angle  6 
Laser  average  power  ( W ) 

Sample  averaging  time  T  (s) 

Length  of  data  run  (min) 

Wind  Statistics 

Average  anemometer  velocity  vj  (ms"1) 

Average  Doppler  velocity  (ms"1) 

Standard  deviation  of  V,  (ms"1) 

A 

Standard  deviation  of  V D  (ms"1) 

CllD  *  V*^ 

Linear  Regression  Analysis 

Slope 

y- I ntercept  (ms"1 ) 

Correlation  coefficient 

Signal -to -Noise  Ratio  Statistics 

Bandwidth  B  (Hz ) 

l 

Average  SNR 

Standard  deviation  of  SNR 

Aerosol  Optical  Properties 

Aerosol  backscatter  cross  section 

8  (x  I0_‘  m*1  sr-1) 
a 

^,aa  (*  1 0"1 2  ml  sr"1 ) 


March  7  March  19  April  4  April  4 


1713 

14  02 

1407 

1901 

63° 

-4  5° 

0° 

83° 

.36 

.36 

.31 

.36 

2.0 

1.0 

1.5 

1.0 

30 

27 

10 

24 

4.28 

-2.23 

1  .28 

2.14 

4.09 

-2.07 

1.12 

2.10 

1 .80 

1.26 

1 .04 

1.17 

1.85 

1.21 

1 .08 

1  .03 

.96 

.93 

,S8 

.98 

.79 

.61 

.58 

.46 

937±.0I6 

.8551.012 

.8971.028 

.812*.' 

.08  +  .08 

-.161.03 

-.021.03 

.  36  ± .  i 

.91 

.89 

.86 

.92 

797 

401 

301 

7S5 

1 .80 

3.96 

3.71 

1  .91 

1 .1  0 

2.69 

2.87 

3. 1  5 

— 

.431.20 

.951.26 

.631. 

-  - 

3.811 .9 

2.511  .3 

2. 2t  1 
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between  v  and  V.  results  from  a  combination  of  biased  and  unbiased  discrep- 
D  A 

ancles.  The  disagreement  is  caused  by  imperfections  in  both  methods.  Based 
on  manufacturer’s  data,  the  anemometer  Is  calibrated  for  axial  flow  at 
2.2  ms”1.  For  somewhat  slower  axial  flow,  it  indicates  an  excessive  value 
for  (17$  too  high  at  .45  ms"1),  while  the  threshold  speed  Is  0.5  ms  '. 

For  wind  at  large  yaw  angles,  the  response  does  not  exactly  follow  the 
cosine  of  the  yaw  angle,  and  tends  toward  values  which  are  too  small. 

In  the  case  of  high  wind  speeds,  the  DFDL  measurement  is  biased  toward  small 
values  because  the  tall  of  the  Doppler  spectrum  falls  outside  the  final 
data-processi ng  bandwidth.  Refinements  in  the  data  processing  can  be 
expected  to  diminish  this  particular  source  of  error.  The  observed  bias 
between  and  V ^  Is  compatible  with  the  features  of  the  individual  instru¬ 
ments.  The  major  portion  of  the  rms  difference  is  caused  by  the  random 
variations  introduced  into  V ^  by  the  statistical  nature  of  the  Doppler  and 
shot -noise  spectra.  Because  of  these  random  variations  In  K0,  we  would 
expect  its  standard  deviation  to  exceed  that  of  Fj,  but  the  data  show  other¬ 
wise.  A  reasonable  explanation  is  that,  as  mentioned,  the  DFDL  data 
processing  diminished  V ^  for  high  wind  speeds,  which  would  also  decrease 
Vp's  standard  deviation.  Other  sources  of  error  of  less  Importance  were 
also  present.  They  Include  the  inaccuracy  in  setttng  the  DFDL  to  measure 
the  desired  component  of  velocity  at  angle  3,  the  lag  time  In  the  propeller 
anemometer,  and  the  physical  separation  of  the  anemometer  from  the  DFDL- 
probed  volume. 

The  values  of  SNR  were  rather  small.  They  could  have  been  increased 
by  narrowing  the  probing  beam,  but  accuracy  in  would  have  improved  bv 
less  than  30t*  because  the  Doppler  spectrum  would  have  been  correspond i ng I s 


broadened 
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The  aerosol  volumetric  backscatter  cross  section  Ba  and  the  aerosol 

2 

optical  characteristic  0Q  /ofl,  which  is  important  to  DFDL  SNR,  were 

measured  with  the  Ildar.  <T^  is  the  average  aerosol  backscatter  cross 
2 

section,  and  is  the  mean  square  average.  8^  for  X  =  514.5  nm  was 

determined  by  measuring  the  total  atmospheric  backscatter  cross  section 

before  or  after  a  wind-data  run  and  subtracting  the  molecular  contribution 

8  =  1.6*10  6  m  1  sr  1  calculated  for  the  ambient  air  pressure  and  tempera- 
m 

ture.  The  low  Bfl  values  imply  very  clean  air,  a  fact  corroborated  by  a 

2  ' 

visual  range  exceeding  50  miles.  The  factor  /a  was  obtained  by  solving 
the  SNR  expression  in  Eq.  (30)  for  it  and  calculating  its  value  from  the 
experimentally  determined  SNR,  known  equipment  parameters,  and  data  on  the 
energy  received  from  molecular  scatter,  aerosol  scatter,  and  background 
light.  The  details  are  too  extensive  to  give  here  but  can  be  found  else- 

9 

where.  Aerosol  size  distributions  were  also  measured  with  a  Cl Imet  optical 

9 

particle  counter.  This  collection  of  data  on  the  aerosols  acting  as  tracer 
targets  is  valuable  in  predicting  the  performance  of  DFDL  under  different 
aerosol  conditions. 

Although  not  described  in  detail  here,  wind  measurements  were  also 
accomplished  in  the  bistatic  optical  arrangement  shown  in  Fig.  3  with  the 
transmitter  and  receiver  operated  CW.  Successful  operation  was  also 
achieved  In  a  fully  pulsed  configuration,  in  which  the  transmitting  and 
receiving  optics  were  coaxial,  and  the  probed  volume  at  R  -  20  m  and 
Afl  *  4.2  m  was  defined  by  pulsing  the  laser  and  range-gating  the  receiver. 

V.  Projected  Capabilities 

An  estimate  of  the  range  capabil ity  of  an  upgraded  system  can  be  made, 
based  on  the  performance  of  the  prototype  DFDL  (20  m  range)  and  the  scaling 
factors  in  SNR.  Since  P,  and  P,  are  both  proportional  to  laser  power  p  , 

1  Z  Jj 
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Eq.  (30)  shows  SNR  “  P^.  Boosting  the  transmitted  laser  power  from  1/3  to 
10  W  would  Increase  the  range  capability  for  the  same  SNR  by  a  factor  of  5.5. 
Substantia)  Improvements  in  the  PMT’s  high-frequency  response  and  quantum 
efficiency  are  also  within  the  realm  of  existing  technology13  and  could 
extend  range  capability  by  almost  a  factor  of  2.  Range  and/or  accuracy 
could  also  be  increased  if  the  sample-averaging  time  were  lengthened  or  a 
larger  telescope  used.  Enhancement  of  DFDL  performance  can  also  be 
achieved  with  a  higher  modjlation  frequency  a.  By  scaling  the  beam  radius 
inversely  with  a,  and  the  bandwidth  B  proportional  to  a,  the  range  capa- 
bility  scales  as  Vet  for  constant  SNR.  Better  accuracy  is  an  additional 
benefit,  for  the  fractional  error  in  V ^  due  to  statistical  fluctuations  in 

9 

the  spectrum  scales  under  these  conditions  as  l//a. 

Adequate  reduction  of  shot  noise  from  the  background  light  is  a  critical 
factor  for  daytime  operation.  A  narrowband  interference  filter  in  the 
receiving  optics  is  essential,  but  it  may  not  bring  the  transmitted  light 
level  so  low  as  to  make  the  SNR  limited  by  scattered  laser  radiation.  The 
best  solution  might  be  a  pulsed  DFDL  with  small  receiver  duty  factor,  in 
which  the  light  scattered  from  the  high-power  pulse  would  dominate  the 
background  light  while  the  receiver  is  gated  open.  The  pulse-repetition 
frequency  must  satisfy  the  Nyquist  frequency  criterion  for  the  baseband 
data-processi ng  bandwidth  B. 

Although  the  FFT/NS  technique  was  ideal  for  data  processing  during  this 
experimental  study,  it  may  not  be  the  optimum  method  for  an  operational 
wind-sensing  system.  Burst-signal  processing  is  superior  to  continuous 

4 

processing  in  the  dual-beam  anemometer  and  would  probably  be  likewise 

advantageous  in  DFDL.  Pulse-pair  processing  is  also  superior  to  FFT/NS 

1  2 

in  some  respects,  especially  for  low  SNR. 
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An  important  asset*  of  OFDl  Is  Its  resll  lence  to  the  effects  of  degrada¬ 
tion  of  laser  beam  coherence  caused  by  atmospheric  scintillations.  Since, 
at  least  for  the  pure  DFOL,  the  two  transmitted  beams  are  superimposed  and 
are  of  nearly  Identical  frequency,  inhomogeneities  in  the  atmosphere's  index 
of  refraction  perturb  the  beams  in  nearly  identical  manner,  and  the  ampll- 

14  15 

ludes  as  wel  I  as  the  phases  of  the  two  beams  remain  highly  correlated.  ’ 

The  traveling  fringe  pattern  of  the  DFDL  beam  thus  remains  well-defined, 
although  substantial  intensity  variations  across  the  beam  can  develop.  The 
velocity  Information  In  the  mean  Doppler  frequency  remains  fully  available, 
although  the  shape  of  the  Doppler  spectrum,  which  depends  mainly  on  the  beam 
profile  and  the  transverse  speed  of  the  tracer  particle,  Is  modified.  In 
conjunction  with  this  topic.  It  should  be  noted  that,  after  the  dual- 
frequency  beam  is  formed,  diffraction-limited  optics  are  unnecessary, 
a  I  though  they  are  desira  bl  e  in  the  trangnitter  to  maintain  a  gnooth  beam 
prof  1 1 e. 

The  novel  abil  ity  of  the  hybrid  DFDL  to  measure  the  velocity  component 
parallel  to  a  selectable  skew  direction  is  pertaps  the  most  Intriguing 
feature  of  this  Instrument,  In  principle,  the  hybrid  DFDL  concept  could  be 
incorporated  Into  a  device  to  measure  three-dimensional  velocity  within  a 
common  probed  volume  from  a  single  trar gn I tter-rece iver  site.  Multiple 
hybrid  DFDL  beams  of  different  fringe  or i entat ions  coul d  be  simultaneously 
transmitted  with  polarization,  wavelength,  or  other  technique  to  discriminate 
among  the  beams.  It  may  also  be  possible  to  combine  the  DFDL  concept  with 
the  time-of-f  I  ight  laser  anemometer.  Two  beams  transmitted  side  by  side  would 
yield  at  low  frequency  the  time  of  fl  ight  of  the  dust  particles,  which  Is  a 
measure  of  transverse  wind  velocity.  If  the  beams  were  bot h  modu I ated  as  in 
pure  DFDL,  the  differential  Doppler  spectrum  carrying  the  Information  for  the 
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longitudinal  component  of  velocity  would  be  simultaneously  available  near 
the  modulation  frequency  a.  Of  course,  the  shape  of  the  Doppler  spectrum 
would  be  a  function  of  the  bifurcated  beam  profile. 

VI.  Suninary 

This  research  has  demonstrated  that  a  component  of  wind  speed  can  be 
remotely  measured  with  the  DFDL  technique  using  naturally  existing  aerosols 
as  tracers  of  air  motion.  If  the  probing  beams  of  different  frequency  are 
coaxially  aligned  (pure  DFDL),  the  velocity  component  parallel  to  the  beams 
Is  measured  when  the  detector  is  positioned  to  receive  back9cattered  radia¬ 
tion.  If  the  beams  intersect  at  a  very  small  angle  (<  I  0  5  rad  in  the 
prototpye  instrument),  this  hybrid  mode  of  DFDL  determines  a  component 
in  a  skew  direction,  which  is  a  function  of  the  optical  frequencies  and 
the  intersection  angle.  The  velocity  information  is  available  from  the 
mean  frequency  of  the  differential  Doppler  spectrum.  The  prototype  DFDL 
performed  satisfactorily  In  laboratory  tests  and  in  actual  wind  measure¬ 
ments.  In  harmony  with  its  experimental  nature,  the  prototype's  capability 
(20  m  range  with  a  typical  sampl  Ing  rate  of  0.7  Hz)  was  modest  but  can  be 
improved  more  than  an  order  of  magnitude  within  the  I Imits  of  existing 
technology.  Expressions  for  SNR  and  auxiliary  data  on  the  optical  charac¬ 
teristics  of  the  aerosols  allow  extrapolation  of  the  performance  of  an 
upgraded  instrument. 

DFDL  possesses  several  advantageous  features.  It  measures  a  different 

4 

component  of  velocity  than  the  dual-beam  Doppler  anemometer  or  time-of- 
f light  laser  anemometer,5  which  also  operate  best  at  visible  wavelengths. 
The  three-d imensiona I  wind  could,  in  principle,  be  measured  with  a  multi¬ 
plexed  hybrid  DFDL,  or  with  DFDL  in  combination  with  the  t ime-of-f I ight 
anemometer.  The  DFDL  should  be  capable  of  functioning  through  an  atmosphere 
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rendered  optically  imperfect  by  turbu I ence-generated  density  in homogeneities. 

Since  the  raw  signal  from  the  photodetector  is  similar  to  that  of  microwave 

Doppler  radar,  the  data -processing  procedures  for  estimating  the  Doppler 

velocity  can  utilize  the  optimal  analysis  methods  which  have  been  developed 
1  2 

for  radar.  The  sense  of  direction  of  the  wind  is  made  unambiguous  in  DFDL 
in  a  straightforward  manner,  by  offsetting  the  reference  frequency  in  the 
receiver  electronics. 

An  optimum  DFDL  system  would  utilize  a  laser  emitting  high  average 
power  in  the  visible,  in  order  to  maximize  SNR.  The  modulation  frequency, 
i.e.,  the  difference  in  the  optical  frequencies  of  the  probing  beams,  would 
preferably  be  as  high  as  can  be  produced  and  detected.  For  reduction  of 
shot  noise  due  to  daytime  background  light,  a  pulsed  DFDL  system  with  a 
small  receiver  duty  factor  plus  an  interference  filter  would  be  ideal. 
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Figure  Legends 

Figure  I  Geometry  for  derivation  of  pure  OFDL  signal. 

Figure  2  Geometry  for  derivation  of  hybrid  DFDL  signal. 

Figure  3  Equipment  schematic  of  DFDL  prototype. 

Figure  4  Optical  layout  for  wind  measurements  with  the  probed  volume 
defined  by  the  intersection  of  the  beam  and  receiver  field 
of  view. 

Figure  5  Velocity  data  commencing  at  1713  on  March  7.  The  upper  trace 
gives  the  velocity  from  the  Ildar,  while  the  lower  one  is 
from  the  propel  lor  anemometer.  The  arrows  indicate  the 
appropriate  velocity  scales,  which  are  displaced  5  ms  1 . 


FI*.  1  Qeooetry  for  derivation  of  pure 
CFDL  s  ignal. 


1 1f*  2  Gcooatry  for  dsrlyaUoa  of  tyfcr 
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Equipment  tcheaatic  of  I  Till* 
prototype. 
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Penthouse  Window 


Fig.  k  Optical  layout  for  wind  measurements 
with  the  probed  volume  defined  by 
the  intersection  of  the  beam  and  J 
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